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Sixteen fine-structure intervals separatingn510 neon Rydberg levels withL55, 6, 7, and 8 were measured
with the precision of about600.2 MHz, using fast beam microwave-optical techniques. The measured fine-
structure pattern is in good agreement with the predictions of an effective potential model, and this comparison
leads to precise determinations of the quadrupole moment and dipole polarizabilities of the2P3/2 ground state
of the Ne1 ion: Q520.204 03~5!ea0

2 , as51.3028(13)a 0
3 , aT520.026(5)a 0

3. The contributions of mag-
netic interactions to the Rydberg fine structure lead to a determination of the Ne1 ion’s g value,gJ51.354~21!.
All of these core parameters provide challenging tests of atomic structure calculations. The measurements also
set a limit on the possible contributions to the fine structure due to a predicted geometric phase effect that is
about an order of magnitude smaller than expected.

PACS number~s!: 32.30.Bv, 31.10.Dk, 32.10.Fn

All atoms have many Rydberg states with high angular
momentum~L>4), but there are very few laboratory studies
which spectroscopically resolve such states. When data exist
on such high-L states, it is likely to result from high-
resolution infrared emission spectroscopy. An early study
based on such data was carried out by Chang in 1982, who
analyzed the structure of some C, O, N, and Ne levels with
L53 and 4@1#. Interest in such high-L states was further
stimulated by the discovery of narrow infrared emission lines
in the solar spectrum@2# arising from such levels@3#. More
recently, high-resolution infrared solar spectra obtained from
theATMOS experiment flown on the space shuttle Challenger
has provided more evidence for emission from such high-L
Rydberg states of other atoms on the sun, including Fe, Si,
Al, and Mg. Theoretical studies of such levels have contin-
ued to be carried out by Chang and his collaborators@4,5#.
These studies have demonstrated that knowledge of a few
parameters characterizing the positive ion core of the Ryd-
berg system, such as the quadrupole moment and dipole po-
larizabilities, can be used to predict the emission line posi-
tions. Unfortunately, these properties cannot yet be
calculated with the precision necessary to predict the high-L
spectra for arbitrary atoms. It is possible, to some extent, to
extract these properties as parameters from analysis of labo-
ratory spectra, but theL53 and 4 levels, for which such
laboratory spectra exist, still have small enoughL that other
complications in the theory, such as residual core penetration
and higher-order polarizabilities, complicate this analysis. It
would be very desirable to have precise spectra available for
even higher-L states, where such complications are mini-
mized, which could be used to extract precise values of the
ion core properties. These could then be used both to facili-
tate precise predictions of high-L Rydberg spectra for the
same atom in other regions of the spectrum, and also to
stimulate improvements ina priori atomic structure calcula-
tions of the ionic properties.

Precise laboratory spectroscopy of Rydberg states with
L>4 has recently been achieved for the helium atom@6# and
for the closely analogous H2 molecule@7#, using fast beam
microwave-optical techniques. The same experimental tech-
niques can also be used to study other atomic systems with
stable positive ions, and in this way provide laboratory data
to complement the studies of natural high-L sources de-
scribed above. In the study reported here, we have used these
methods to study the fine structure of high-L Rydberg states
of atomic neon. Neon was chosen because careful studies of
its’s L53 and 4 states already exist@1,8#, a circumstance
which should clarify the impact of the very high-L measure-
ments of this study.

Figure 1 shows the apparatus used for this study. A beam
of Ne1 ions of energy 25 KeV were obtained from a small
ion source@9# and neutralized in a gas charge exchange cell
containing a few mTorr of air to obtain a fast neutral beam of
neon. Neon atoms formed inn510 Rydberg levels were se-
lectively detected using a Doppler-tuned CO2 laser at 4 in
Fig. 1, which excites them to then527 level, from which

FIG. 1. Schematic diagram of fast beam microwave-optical ap-
paratus. The fast neon beam is formed by neutralizing a 25-KeV
Ne1 beam in a charge-exchange cell. Residual ions are deflected
out of the beam at 1. Selective detection of particularn510 neon
Rydberg levels is achieved using a Doppler-tuned CO2 laser at 4 to
excite 10–27 transitions, after whichn527 atoms are Stark ionized
at 5, and the ion current collected in a channeltron. The similar laser
interaction region at 2 is used to insure a population difference for
the microwave transition, driven at 3.
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they are immediately Stark ionized. The resulting ion current
is collected in a Channeltron electron multiplier. The CO2
laser is operated on one of its discretely tuneable lines, typi-
cally P(18) at 945.980 cm21, but as the angle of intersection
of this laser with the fast neon beam is varied, the apparent
laser frequency seen by the neon atoms is Doppler tuned
smoothly through the interval representing then510 neon
fine-structure energies. When the Stark-ionized current is
plotted as a function of the Doppler-tuned laser frequency, a
well-resolved optical spectrum is obtained, as illustrated in
Fig. 2. Each peak in this spectrum~except for the four peaks
marked ‘‘X’’ @10#! represents the excitation of a particular
n510 fine-structure level ton527. The qualitative pattern
of the spectrum can be understood by noting that, neglecting
the ~small! fine structure of then527 levels, the optical
spectrum is a direct map of the positions of thesen510 neon
Rydberg levels, with more tightly boundn510 occurring at
higher excitation energies. This is emphasized in Fig. 2 by
including a level diagram of thesen510 high-L neon levels,
drawn with the same energy scale. These levels are charac-
terized by the total angular momentum of the ion core~Jc!,
the Rydberg electron state~n,L!, and by the value of

KW 5JW c1LW ,

and we denote them by

~Jc!nLK .

Most of the well-resolved lines in the optical spectrum are
implicitly identified by the correspondence with the level
diagram and the selection rulesDJc50 and DL5DK51.

For example, the line at 947.04 cm21 represents excitation of
the ~32!10H7/2 level to the~32!27I 9/2 level. In order to identify
the optical lines, an initial estimate of then510 level struc-
ture was carried out with the effective potential model dis-
cussed below, using previous estimates of the core param-
eters,Q,as , andaT .

The experimental spectrum of Fig. 2 shows only Rydberg
levels bound to the2P3/2 state of Ne

1, and not to the higher-
energy2P1/2 state. This is in contrast to observations of simi-
lar lines in atomic carbon@11#, where both types of lines are
clearly observed. A plausible explanation of their absence in
neon is autoionization of then527 level. Sincen527 Ryd-
berg levels bound to theP1/2 core state of neon, whose ex-
citation energy is 780.424~1! cm21 @12#, are unstable against
autoionization, they may, and apparently do, decay before
reaching the Stark ionizing field. The transit time between
laser and ionizer is approximately 0.6ms.

Transitions between particular pairs ofn510 Rydberg
levels were studied with much higher resolution using micro-
wave spectroscopy. The method is the same as that used in
previous studies of helium and H2 @6,7#. For example, to
study the 10H11/2-10I 13/2 transition, the laser at 4 in Fig. 1
was tuned to excite and detect the 10H11/2 state, using the
well-resolved line at approximately 946.7 cm21. If a micro-
wave transition between the 10H11/2 and 10I 13/2 states is in-
duced in the region at 3 in Fig. 1, this will generally result in
a change in the population of the 10H11/2 state, and conse-
quently a change in the Stark ionization current. Since the
only transitions which will have this effect are those involv-
ing the 10H11/2 state, identifying a microwave transition is
relatively simple, and follows from the identifications of the

FIG. 2. Stark-ionization current observed as a function of the Doppler-tuned laser frequency, near the frequency of hydrogenic 10-27
transitions, 946.816 cm21. Individual peaks represent excitation of particular high-L n510 neon Rydberg levels, resolved in frequency as a
consequence of then510 Rydberg fine structure. Many of the peaks can be identified by reference to then510 level structure, which is
plotted above the spectrum using the same energy scale. The solid vertical line corresponds to the hydrogenic 10-27 transition frequency, and
to the hydrogenic Rydberg binding energy in the level diagram. The fine-structure level labels, e.g.,H9/2 are an abbreviation of the (Jc)nLK
nomenclature discussed in the text. The four unidentified lines labeledX are not 10-27 transitions.
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FIG. 3. Level diagram showing the 15n510
Rydberg levels of neon, whose relative positions
are determined by the 16 microwave interval
measurements reported here. The numbered tran-
sitions refer to Table I, in the text.

TABLE I. Transitions are between twon510 levels identified in column 2 by the values ofL andK.
Column 3 gives the fitted ‘‘spinless’’ transition frequency, and the geometric average of parallel and antipar-
allel rf propagation directions. Columns 4, 5, and 6 show standard deviation uncertainties from the fit
statistics, unresolved magnetic fine structure, and stray electric fields, respectively, with the quadrature sum
of these in column 7. All values are in MHz.

Transition n0 Dn~fit! Dn~MFS! Dn~E! Dn~tot!

~1! H11/2-I 13/2 1342.144 0.041 0.068 0.010 0.080
~2! I 13/2-K15/2 800.524 0.022 0.046 0.000 0.051
~3! K15/2-L17/2 494.036 0.018 0.032 0.040 0.054
~4! H9/2-I 11/2 210.705 0.024 0.039 1.130 1.131
~5! I 11/2-K13/2 290.113 0.016 0.031 0.220 0.223
~6! K13/2-L15/2 236.680 0.020 0.024 0.010 0.033
~7! H13/2-I 15/2 1890.884 0.028 0.114 0.010 0.118
~8! I 15/2-K17/2 926.351 0.018 0.069 0.010 0.072
~9! K17/2-L19/2 511.594 0.011 0.045 0.070 0.084
~10! I 9/2-K11/2 1429.088 0.013 0.024 0.000 0.027
~11! K11/2-L13/2 764.916 0.016 0.019 0.040 0.047
~12! I 13/2-K13/2 1446.936 0.029 0.074 0.070 0.106
~13! K15/2-L15/2 883.085 0.036 0.051 0.060 0.087
~14! H9/2-I 9/2 5123.579 0.075 0.065 0.890 0.896
~15! I 11/2-K11/2 3481.761 0.063 0.049 0.240 0.253
~16! I 15/2-K15/2 4131.356 0.038 0.120 0.070 0.145
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optical lines in Fig. 2. Locating the transition can be more
difficult. For example, from Fig. 2, it could be estimated that
the 10H11/2-10I 13/2 interval is approximately 0.045 cm21, or
1350 MHz, but since the linewidth of the microwave reso-
nances is much smaller than this, some searching is required
to locate the resonance. The microwave resonances can be
observed using only the single laser at 4 in Fig. 1, but in
most cases the signal size could be increased by exaggerating
the natural population difference between the two levels of
the microwave transition with an initial laser interaction at 2
in Fig. 1. This laser would be Doppler tuned to excite to
n527 the less populated of the two levels, thus increasing
the population difference between then510 levels and the
size of the microwave-induced population change. This is the
same technique used in previous studies of helium@6#. Six-
teen different microwave transitions were studied this way
and are listed in Table I. The transitions are numbered for
each reference@11#. Figure 3 shows then510 Rydberg fine
structure for 5<L<8, and illustrates the 16 transitions stud-
ied. Two types of microwave interaction regions were used
for these studies, both of which are described fully in Ref.
@7#. Transitions with frequencies below 2 GHz were ob-
served using a TEM transmission line, while for those with
frequencies between 3.5 and 5 GHz aG-band waveguide
region was used. In both cases, the direction of microwave
propagation was parallel to the atomic beam velocity, and
resonances were measured for both directions of microwave
propagation to eliminate the effects of Doppler shifts.

Figure 4 illustrates a typical microwave resonance signal,
transition 12 from Table I. The resonance linewidth is about
1.6 MHz for this TEM interaction region, as determined by
the transit time through the region.~The waveguide region
gave a slightly larger linewidth of 2.5 MHz.! For the reso-
nance of Fig. 4, this gives a partial resolution of a finer level
of structure associated with the Rydberg electron’s spin. The
two levels with total angular momenta of

JW5KW 6SWR

differ in energy by a few MHz, and as a result there are two
allowed transitions~DJ5DK) which occur at slightly differ-
ent frequencies. The interactions which cause this splitting

are mostly magnetic, and are discussed in detail below. Since
they are weak, their contribution to the energy can be written
as

DEspin~L,K,J!5a~L,K !KW •SW ~1!

and consequently the center of gravity of the levels with the
two possible values ofJ is unchanged by the spin interac-
tions. We refer to this center of gravity as the ‘‘spinless’’
level position, and aim at extracting the intervals separating
these spinless positions from fitting the microwave resonance
data.

These fits were carried out using calculated values of the
constantsa(L,K) to predict the position of each of the two
allowed transitions relative to the spinless interval. Since the
microwave transitions were saturated, it was more difficult to
predict the relative strength of these two transitions. For sim-
plicity, we assumed that the signal heights were proportional
to the statistical weight of the lower-K level of the transition.
With this assumption and the calculated positions, even the
unresolved composite lines could be fit to extract the spinless
interval. As a check on this procedure, the four transitions
with the best resolution of the spin structure, 7, 8, 12, and 16,
were also fit with an alternative method in which both the
relative heights of and the splitting between the two spin
components was allowed to vary in the fit. From a study of
the results of these fits, which are tabulated in the Appendix,
it was concluded that the line splittings agreed to within a
few percent with calculations, but that the relative signal
heights could vary by 10–20 % from the assumed statistical
values. At least part of this height variation appeared to be
due to drift in the signal size during the period of the fre-
quency scan~about 30 min!. We estimated that such drifts
could cause an error in the spinless interval of about 5% of
the component splitting, and have assigned an additional er-
ror to account for this and any other errors in the procedure
of extracting the spinless interval from the unresolved spec-
tra.

Microwave resonances were measured for both directions
of microwave propagation, and the fitted spinless intervals
were combined in a geometric mean to estimate the fre-
quency interval for a stationary atom. These results are
shown in column 3 of Table I, with the statistical error from
the fits shown in column 4. Column 5 shows the additional
error assigned due to the unresolved spin structure, as dis-
cussed above. Column 6 shows a final source of experimen-
tal uncertainty, due to possible Stark shifts arising from stray
electric fields. Previous microwave spectroscopy in Rydberg
states of the helium atom, using similar microwave regions
have demonstrated that stray fields as large as 0.2 V/cm can
be present within the interaction regions@6#. Lacking any
procedure for measuring these stray fields in this experiment,
we choose to assign an additional uncertainty corresponding
to the Stark shift that such a field would produce. The final
column of Table I shows the quadrature sum of the three
sources of uncertainty for each measured interval. Since no
one signal source of error dominates for most of the inter-
vals, we choose to treat these total errors as uncorrelated
random errors in the computations that follow.

Figure 3 illustrates that the 16 measured fine-structure in-
tervals directly determine the relative positions of the 15
fine-structure levels pictured there. Since the absolute ener-

FIG. 4. Microwave resonance signal for 10I 13/2-10K13/2 transi-
tions in neon, measured with microwaves propagating parallel to
the fast neon beam. The resonance is a composite of two partially
resolved spin components, whose relative positions and strengths
are represented by the vertical bars, as obtained from the calculation
described in the text. The smooth curve is a fit, from which the
spinless transition frequency is determined.
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gies cannot be determined by measurements of intervals, we
choose to define the zero of energy, for the purposes of this
report, to coincide with the position of the~ 32!10K15/2 level.
With this choice, the energies of all 14 other levels pictured
in Fig. 3 are determined by adding or subtracting the appro-
priate interval measurements. In the two cases where redun-
dant measurements exist~intervals 13 and 14!, a simple av-
erage was used to determine the best level energies. The
resulting energies of the 15 high-L fine-structure levels of
neon are shown in column 2 of Table II. They represent a
unique data set, defining the energies of four adjacent high-L
manifolds with unprecedented precision, and they express
the final experimental result of this study.

We expect that the fine structure of these high-L Rydberg
levels will be described by an effective potential which rep-
resents the Coulomb interactions between the Rydberg elec-
tron and the ion core. A recent discussion of the Rydberg
energy levels of neon withL53 and 4 has shown that this
approach is quite successful in accounting for the observed
energies@8#. For the higher values ofL studied here, it
should be even more successful, because of the smaller size
and more rapid convergence of the terms of the effective
potential. Thus we expect the nonrelativistic energy of the
high-L Rydberg levels to be given by

E5Er
01^c r

0uVeffuc r
0&1(

r 8

z^c r
0uVeffuc r 8

0 & z2

Er
02Er 8

0 , ~2!

where

Veff52Fe2aS

2r 4
1

h

r 6G2FeQr 3 1
e2aT

2r 4
1
C6

r 6 G Xc
2
•C2~V r !

S Jc 2 Jc

2Jc 0 Jc
D ,
~3!

in which r is the Rydberg electron’s radial coordinate, and
Vr is its angular position.X c

2 is a unit second-rank tensor in
the space of the core; i.e., it is a second rank tensor with
reduced matrix element equal to 1.C2(V r! is a second-rank
spherical tensor in the Rydberg electron’s angular coordi-
nates@13#, and the symbol in the denominator is a 3J symbol
in which Jc5

3
2. The coefficients which occur in Eq.~3! are

properties of the Ne1 core.Q is the core quadrupole mo-
ment.aS is the core scalar dipole polarizability.aT is the
core tensor dipole polarizability.h is the parameter repre-
senting combined higher-order effects.C6 is the parameter
representing combined higher-order effects. These param-
eters can, in principle, be calculated directly, but in practice
they are more precisely determined by comparison of Ryd-
berg fine structures to the predictions derived fromVeff .
Equation~2! is of the form of a perturbation expansion, with
the first term representing the zeroth-order Rydberg energy;
the second term the expectation value ofVeff ; and the last
term the second-order perturbation due toVeff , which we call
E2. This last term is of minor importance to the structure of
the high-L Rydberg levels studied here, so one way to esti-
mate the parameters listed above would be to first assume
thatE250, and then fit the observed fine structure to deter-
mine the parameter values. Subsequently, the fitted param-
eter values could be used to calculateE2, which could be
subtracted from the observed structure and the remainder fit
to obtain an improved estimate of the core parameters. Be-
cause the effects ofE2 are small, this procedure quickly
leads to self-consistent choices of the parameters. The
second-order terms correspond to energy shifts due to mixing
with other Rydberg states, both in the discrete and continu-
ous spectra. They are calculated here using the numerical
procedures described elsewhere@14#. Briefly, the contribu-
tions to E2 from bound Rydberg levels withn<40 were
tabulated explicitly, and the remainder of the discrete contri-
bution was estimated by extrapolation. The continuum con-

TABLE II. Energies ofn510 Rydberg states of neon. Column 2 gives the energy of the 14n510
fine-structure levels identified in column 1, as determined by addition of the measured fine structure intervals
of Table I, with the~arbitrary! choice of the~32! 10K15/2 state’s energy as zero. Columns 3 and 4 give the
second-order energy and relativistic correction for each state, as discussed in the text. Column 5 is column 2
less the sum of columns 3 and 4.

State Eobs ~MHz! E2 ~MHz! ERel ~MHz! E2E22ERel

~32!10H9/2 2145.58~77! 29.18~34! 218.71 2116.69~84!
~32!10H11/2 2142.67~10! 215.49~50! 218.71 2176.87~51!
~ 32!10H13/2 26022.24~19! 215.95~49! 218.71 25987.58~52!
~32!10I 9/2 25267.15~35! 7.50~23! 213.81 25260.84~42!
~32!10I 11/2 2356.30~24! 23.02~9! 213.81 2339.47~26!
~32!10I 13/2 800.52~5! 25.52~16! 213.81 819.85~17!
~ 32!10I 15/2 24131.36~15! 24.98~13! 213.81 24112.57~20!
~3210!K11/2 23838.06~35! 3.96~12! 210.22 23831.80~37!
~32!10K13/2 2646.41~8! 20.75~2! 210.22 2635.44~8!

~32!10K15/12 0 21.95~6! 210.22 12.17~6!

~32!10K17/2 23205.01~16! 21.71~5! 210.22 23193.08~17!
~32!10L13/2 23073.14~35! 2.17~7! 27.47 23067.84~36!
~32!10L15/2 2883.09~8! 0.05~1! 27.47 2875.67~8!

~32!10L17/2 2494.04~5! 20.59~2! 27.47 2485.98~5!

~32!10L19/2 22693.41~18! 20.65~2! 27.47 22685.29~18!
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tributions were estimated by calculating a few specific con-
tinuum energies in the range 0–0.5 a.u., and estimating the
integral over all energies. All these calculations assumed
purely hydrogenic radial wave functions. Table II shows the
total second-order energy shift calculated for each of the 15
states under study. The error bars shown for these calcula-
tions are due partly to the finite number of terms included in
the polarization potential, and the resulting finite degree of
convergence of the sum@14#, partly due to uncertainty in the
coefficients inVeff , and partly due to the estimated compu-
tational errors. In most cases, the computational error, which
we estimate at 3%, dominates@15#. Also shown in Table II
are the small relativistic corrections associated with thep4

term in the Rydberg electron’s kinetic energy@6#. Both the
second-order energies and the relativistic corrections are sub-
tracted from the experimentally determined fine-structure en-
ergies, in order to form a level structure which could be
considered to be simply the expectation value ofVeff ; i.e.,
the first term in Eq.~2!. For these corrected energies, we
expect

Ecorr~L,K ![Eobs2E22Erel5A01A1$JW c•LW %1A2$TJc
2
•TL

2%,

~4!

with

JW c•LW 5
@K~K11!2Jc~Jc11!2L~L11!#

2
,

TJc
2
•TL

2[~21!Jc1KHK L Jc
2 Jc L J ~2L11!S L 2 L

0 0 0D
S Jc 2 Jc

2Jc 0 Jc
D .

We refer to the coefficientsA0 , A1 , andA2 as scalar, vector,
and tensor structure factors. Actually, according to the form
of Veff defined in Eq.~3!, A1 is expected to be zero, but it
was impossible to fit the experimental data satisfactorily
without a term of this form, and in retrospect its presence is
understood to be due mostly to magnetic interactions ne-
glected in deriving Eq.~3!. For the 10I , 10K, and 10L states,
there are four levels and three parameters, and satisfactory
fits are found. The 10H fits are based only on the three mea-
sured level positions, and so fit identically. The structure fac-
tors found from the fits are shown in Table III.

According to the effective potential model, the scalar
structure factor is expected to be given by

A0~nL!52
e2aS

2
^r24&nL2h^r26&nL1•••, ~5!

where

h[aQ26bd ~6!

is a parameter combining the effects of adiabatic quadrupole
polarizability ~aQ! and nonadiabatic dipole polarizability
~ba! @8#. As a test for possible higher-order contributions,
Fig. 5 plots

DA0

D^r24&
vs

D^r26&
D^r24&

, ~7!

where, in this expression,D stands for the difference be-
tween adjacentL values. The three measured points fall on a
good straight line, indicating that higher-order terms do not
contribute significantly. Fitting to a straight line yields esti-
mates of the parameters contributing toA0 :

aS51.3028~13!a0
3, h520.29~24!e2a0

5.

The tensor structure factor is expected to be given by

FIG. 5. Ratio of scalar fine-structure intervals to differences in
the expectation values ofr24, plotted vs the ratio of̂r26&/^r24&
for the 10H-I , 10I -K, and 10K-L intervals in neon. They intercept
determines the scalar dipole polarizability of Ne1.

FIG. 6. Tensor fine-structure factors for 10H,10I ,10K, and 10L
states of neon, divided by the expectation values ofr23 for those
levels. Thex axis showŝ r24&/^r23& for the same levels. They
intercept of this plot gives the quadrupole moment of Ne1, the
slope determines the tensor dipole polarizability, and the~very
slight! curvature indicates the value of the coefficientC6 .

TABLE III. Fitted neon structure factors.

State A0 ~MHz! A1 ~MHz! A2 ~MHz!

10H 22841.11~66! 21.26~11! 8156.3~1.1!
10I 22134.72~12! 20.816~19! 4926.22~24!
10K 21869.37~8! 20.557~11! 3200.47~15!
10L 21756.15~9! 20.386~8! 2195.55~16!

Interval DA0 ~MHz!

10I -10H: 706.39~67!
10K-10I : 265.35~14!
10L-10K 113.22~12!
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A252eQ^r -3&2
e2aT

2
^r24&2C6^r

26&. ~8!

Q is the quadrupole moment, andaT the tensor component
of the dipole polarizability@16#. The constantC6 represents
the net effect of tensor contributions from quadrupole-
quadrupole and dipole-octupole adiabatic polarizability and
nonadiabatic dipole-dipole polarizability, none of which have
been calculated for this core ion. To the extent that the con-
tributions fromC6 are negligible, the ratio ofA2 to ^r23&
should fit a straight line when plotted versus^r24&/^r23&.
Such a plot, shown in Fig. 6, does indeed indicate that the
contributions ofC6 are very small. A fit of the measured
values ofA2 for the H, I , K, andL states determines the
following values of the tensor core parameters:

Q520.204 03~5!ea0
2, aT520.026~5!a0

3,

C650.5~5!e2a0
5.

The existence of significant vector structure~A1! is not
predicted by the effective potential model, but is nevertheless
clearly present, as shown by the fittedA1’s in Table III.
Since, however, the fitted vector coefficients are much
smaller than the scalar or tensor structure factors, we are led
to reexamine magnetic effects, neglected up to now. The
careful study of magnetic interactions in high-L states of
helium @17# provides an instructive analogy. In that case, it
was found to be a good approximation to ignore the details
of the core wave function and to represent the magnetic ef-
fects of the core by a point magnetic dipole with magnitude

mW c5m0gJJW c . ~9!

If the same approximation is valid for neon high-L Rydberg
levels, we expect that an adequate representation of magnetic
interactions should be

HMFS5a2F12 LW •SWR
r 3

2
gJ
2

LW •JW c
r 3

1
gJ
2

1
JW c•~123r̂ r̂ !•SWR

r 3 G a.u. ~10!

The terms involvingSR , the Rydberg spin, will contribute to
the small splitting between the two states of commonL and
K, such as

~ 3
2 !10H13/2~J56,7! where JW5KW 1SWR .

There is some experimental evidence of splittings of this
type in the partially resolved spin components displayed in
several of the microwave transition spectra, such as that il-
lustrated in Fig. 4. It is also expected, however, that these
spin splittings will reflect any exchange energies due to the
required antisymmetrization of the total electronic wave
function. With only one unpaired core spin, the exchange
energies can be parameterized just as in the helium atom
@17#:

HX52VX@2~SWR•SW c1
1
4 !#57VX~ST51,0!. ~11!

The combined effects ofHMGS andHX, both treated as small
perturbations, are

^HMFS1HX&52
gJ
2

a2
JW c•LW

r 3
2
VX

2
1@aMFS~L,K !

1aX~L,K !#KW •SWR. ~12!

The last term in this expression gives rise to the spin split-
tings in the microwave spectra. By the comparison with the
measured splittings discussed in the Appendix, it can be de-
termined that an adequate account of the experimental obser-
vations is obtained by settingVX ~and therefore alsoaX!
equal to zero, i.e., by completely neglecting exchange ef-

FIG. 7. Vector structure factors for the 10H, 10I , 10K, and
10L states of neon, divided by the expectation value ofr23 for each
level, and plotted vŝr26&/^r23&. They intercept gives theg value
of the Ne1 ground state, to the extent that the simplified model of
Rydberg magnetic structure is valid. Any contribution of the form
predicted to result from geometric phase effects would be reflected
in the slope of the plotted points.

TABLE IV. Ne1 core parameters from experiment and theory.
Column 2 shows the results of this study. Column 3 shows the
values found in a previous study of RydbergF andG states. Col-
umn 4 shows theoretical values, when they exist.* represents val-
uesassumedin the analysis of Ref.@8#.

Property Present work Previous expt. theory

Q(ea0
2) 20.204 03~5! 20.2030 20.1964a

20.2032~5!b

20.2117c

aS(a 0
3! 1.3028~13! 1.310 1.27d

aT(a 0
3! 20.026~5! 20.035* 20.035e

gJ 1.354~21!
h~e2a 0

5! 20.29~24! 21.44* 21.44f

C6(e
2a 0

5) 0.5~5! 0*
Cf(e

2a 0
5) 0.031~19! 1 a.u. ~?!g

aHartree-Fock, cited in Ref.@19#.
bMulticonfiguration Hartree-Fock@19#.
cRelativistic many-body perturbation theory@21#.
dHibbert @22#.
eHibbert @23#.
fCited in Ref.@8#.
gOrder-of-magnitude estimate@18#.
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fects. Even for the lowestL state studied, the 10H state, this
comparison rules out values ofVX as large as 0.1 MHz for
any of the levels studied.

The first term in Eq.~12! represents a predicted vector
contribution to the high-L fine structure, arising from the
interaction between the core magnetic moment and the mag-
netic field created at the core by the motion of the Rydberg
electron. For the2P3/2 core state, in pureLS coupling, we
expectgJ5

4
3. This predicts vector structure quite compa-

rable to the observations summarized in Table III. A vector
structure of a rather different type was recently predicted to
arise from consideration of ‘‘geometric phase’’ effects on the
motion of a nonpenetrating Rydberg electron moving in the
field of a core with nonzero angular momentum@18#. This
effect, which has never been observed experimentally, was
predicted to give a vector structure proportional to the in-
verse sixth power of the Rydberg radial coordinate and with
a coefficient which is on the order of an atomic polarizabil-
ity. To allow for the possibility that the measured vector
structure factors contain contributions of both types, we take

A1~L !52
gJ
2

a2^r23&1Cf^r26& ~13!

and fit the observed vector structure factors to determine
both gJ andCf . The results of this fit, illustrated in Fig. 7,
are

gJ51.354~21!, Cf50.031~19! a.u.

The fitted value ofgJ is consistent with the pureLS coupling
value of 43. The fitted value ofCf is less than two standard
deviations from zero, and considerably smaller than might
have been expected based on the published estimate thatCf
should be ‘‘on the order of an atomic polarizability’’@18#. To
our knowledge, this is the first measurement of an effect of
this type, and no more detailed theoretical calculations are
yet available. When such calculations are done, it will be
interesting to see whether Ne1 is a special case where this
effect is unusually small. Experimental studies which explore
this effect in other high-L Rydberg systems should also be
possible using the techniques of the present measurement.

Table IV compares the values of the leading core param-
etersQ, aS , andaT obtained from the present measurements
with those reported previously based on the study ofL53
and 4 Rydberg levels of neon@8#, and with theoretical values.
The value ofaS found here is about 0.5% smaller than the
value found in the study of neonf and g levels @8#. The
higher value found there is partially due to the assumption of
a calculated value of the parameterh is that analysis,h5
21.44, which is considerably larger than the value indicated
by the present measurements. Since the present analysis
avoids reliance on any calculated values, and instead extracts
aS andh simultaneously from the pattern of high-L data, it
should be much more reliable. The fitted values ofaS andaT
are both consistent with calculated values to within about 2%
of aS . This probably indicates the level of accuracy of the
existing calculations. Note that the present measurements are
at least an order of magnitude more precise so they could be
used to test improved calculations.

The value of the Ne1 quadrupole momentQ found from
the present measurements is 0.5% larger than the value re-

ported in Ref.@8# from study ofF andG states of neon.
However, this relatively small difference again appears in
part to be fortuitous since in the analysis of Ref.@8# the
parameteraT was assumed to be equal to its calculated value
20.035, an assumption which significantly affects the fitted
value ofQ. Again, in this study we avoid any reliance on
calculated values by fitting the pattern of data in a range ofL
states, and simultaneously extractQ, aT , and even the
higher-order coefficientC6 . Thus the present study should
give a much more reliable result. Theoretical calculations of
Q are within 4% of the measured value, with the most accu-
rate calculation to date being the multiconfiguration Hartree-
Fock calculation of Sundholm and Olsen@19#.

The predictive power of the effective potential model is
illustrated by the fact that, now that the four parametersQ,

TABLE V. Values of the spin structure coefficientsaMFS andax
for the levels involved in the four transitions with the best-resolved
spin structure. For each transition, the first listed level has the
higher energy.

Transition Level aMFS ~MHz! ax

7 I 15/2 0.650 20.133VX~10I !
7 H13/2 1.068 20.154VX~10H!
8 K17/2 0.424 20.118VX~10K!
8 I 15/2 0.650 20.133VX~10I !
12 I 13/2 0.567 20.072VX(10I )
12 K13/2 0.356 0.024VX(10K)
16 K15/2 0.382 20.060VX(10K)
16 I 15/2 0.650 20.133VX(10I )

TABLE VI. Results of the alternate fits of the four transitions
with the best-resolved spin structure. The parameterdn measures
the splitting between the two spin components, and the parameterr
is the relative strength of the component with less statistical weight.
In the constrained fits, such as carried out for all the transitions,
these were fixed at the values marked with* in the table. In the
alternate fits, these parameters were both free to vary, and resulted
in the fitted values shown. The two fits for each transition are from
data with microwave propagation direction parallel (p) or antipar-
allel (a) to the beam velocity. The average values of the fitted
parameters for these two fits are also shown for each transition.

Transition dn ~MHz! r

7 2.273* 0.867*
7p 2.207~74! 0.633~67!
7a 2.188~94! 0.956~120!
7AV 2.198~60! 0.795~60!
8 1.383* 0.882*
8p 1.500~24! 1.073~46!
8a 1.453~23! 1.250~50!
8AV 1.477~17! 1.162~68!
12 1.477* 0.867*
12p 1.533~44! 0.691~56!
12a 1.453~58! 0.737~78!
12AV 1.493~36! 0.714~96!
16 2.149* 0.882*
16p 2.140~69! 0.662~64!
16a 2.100~66! 0.641~54!
16AV 2.120~48! 0.652~42!
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aS , aT , and gJ are known, and the size of higher-order
contributions is limited by the estimates of the parametersh,
C6 , andCf , other high-L Rydberg level structures in the
neon atom can also be predicted using the same core param-
eters. This can lead to reliable predictions of emission spec-
tral lines in many different regions of the spectrum. At the
same time, the core parameters themselves represent valu-
able information which can be used to test improving atomic
structure calculations. Even these four parameters represent a
far larger and far more precise data set than is usually avail-
able for the ground state of neutral atoms, where the only
available information is usually the binding energy~to some
degree of precision!, a g factor, and perhaps one or two
hyperfine coupling constants. The binding energy is insensi-
tive, in first order, to configuration-interaction effects, and
the hyperfine constants measure only certain limited charac-
teristics of the wave function, such as its value at the origin.
The quadrupole moment and dipole polarizabilities represent
significant additional information. The quadrupole moment
is especially sensitive to long-range and configuration-
interaction effects@20#, but is a property which has been
difficult to measure precisely for neutral atoms.
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APPENDIX

As a check on the procedure used to extract the spinless
fine-structure intervals from fits of the partially resolved
composite line shapes consisting of two spin components,

the four resonances with the best resolution of the spin com-
ponents were also fit with an alternative method. Table V
lists the four transitions so studied, and tabulates the values
of the spin structure coefficients,aMFS andaX discussed in
the text. The spin component splittings, neglecting exchange,
may be calculated fromaMFS. Table VI shows the results of
the alternative fits of these resonance line shapes. In the nor-
mal fits, the values of the two parametersdn and r which
represent, respectively, the spin component splitting and the
relative strength of the lower statistical weight line, were
fixed at the values marked by* in Table VI. In the alternative
fits, both these parameters were allowed to vary freely. Table
VI shows the fitted values of these two parameters from fits
of each transition for both directions of microwave propaga-
tion. Also tabulated are the average values from the two di-
rections of propagation for each line.

The fitted splittings are in agreement to within a few per-
cent with the calculated values. From this we conclude that
magnetic interactions alone account for the differences in
energy between the nearly degenerateJ5K6 1

2 levels. The
agreement limits the possible size of the exchange energy
parametersVX to be less than 0.1 MHz for 10H, 10I , and
10K levels, making the exchange energies completely negli-
gible for this experiment.

The fitted relative strengths are in much poorer agreement
with the assumed statistical weights, sometimes differing by
as much as 20%. Additional fits were carried out to assess
the impact of such an error on the fitted spinless interval for
transitions where the spin components were unresolved. It
was concluded that an additional error of 5% of the compo-
nent splitting would account for the uncertainty in relative
component strengths.
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